The ultimate goal of toxicologic investigations of both natural and man-made fibrous and nonfibrous particles is to provide essential input for the assessment of potential human risks from exposure to these materials. The development of risk assessment procedures for airborne particles has evolved over the years. The earliest assessments for naturally occurring materials used direct human observations and incorporated safety factors to arrive at allowable human exposures. More recently, there has been a need to assess the potential risk associated with production and use of certain man-made materials for which human data are not available or are inadequate. For these materials, it has been necessary to assess human risks using data obtained from studies conducted in laboratory animals and with cells or tissues. During the last several decades, it has been suggested that data on the mechanisms by which particles cause disease could be used to reduce the uncertainty in estimates of human risks of particle exposures. This article provides comments on the use of mechanistic data in the risk assessment process and suggestions for increasing the successful development and use of mechanistic data in risk assessments conducted in the future. - 
Particulate matter has long been identified as noteworthy when considering air quality and its impact on health. Attention initially focused on occupational exposure in dusty trades such as mining, quarrying, and stone masonry. Early in this century, the observance of pulmonary disease associated with asbestos exposure raised concern about fibers as a special kind of particulate material. In this article, the term particulate matter (PM) is used for both nonfibrous and fibrous particulates unless specifically noted otherwise. PM was considered to be toxicity, cancer involved in debilitating pulmonary diseases that were manifested by irritation, inflammation, fibrosis, and functional impairment. Perhaps the best example is silicosis, the specific form of pneumoconiosis attributed to exposure to crystalline silica. Other pneumoconioses were attributed to specific dusts and named accordingly. Some dusts, initially termed inert or nuisance dusts and now called particulates not otherwise classified or regulated, produced effects that were reversible if exposures were controlled to modest levels.
Coincident with the steady rise in lung cancer rates that began in the 1930s in men, and later in women, was the awareness that lung cancer might be associated with PM exposures. Cigarette smoking is now known to be the primary risk factor responsible for the increase in lung cancer rates for men that continued until 1990 before slowly beginning to subside (and are continuing to rise for women). Several other specific occupations or agents are also now known risk factors for lung cancer, including asbestos, which is a risk factor for both lung cancer and mesotheliomas.
Concern for lung disease associated with occupational exposures led to early voluntary efforts on the part of industry and local and state authorities to control exposures to PM. These efforts were followed by voluntary national efforts and, ultimately, federal statutes directed toward controlling occupational exposures. The passage of federal statutes for occupational exposure was paralleled by statutes directed toward limiting environmental exposures.
In this article, I briefly review the development of approaches to characterizing human health risks of exposure to PM as a basis for setting exposure limits. I then comment on how mechanistic information is being used in the risk assessment process and offer some suggestions on how the development and utilization of mechanistic information on PM might be improved. An (1) . Supporting documentation is also available (2) that includes brief summaries of the basis for each of the TLV. In the introduction to these documents, TLV are defined: "TLV refer to airborne concentrations of substances and represent conditions under which it is believed that nearly all workers may be repeatedly exposed day after day without adverse health effects." The TLV documents include a number of specific chemicals found in the air as PM. In addition, a listing is given for particulates not otherwise classified, which was formerly identified as nuisance dust.
The ACGIH is a professional society and not a government agency. Nonetheless, its guidance is widely viewed as authoritative and, as a result, has had substantial impact on workplace practices in the United States and abroad.
Heightened concern for occupational and environmental health issues beginning in the mid-1960s gave impetus to the passage of several major pieces of legislation that established number of exceedances of the standard, etc.). The CASAC is an independent committee of scientists charged under the CAA with advising the U.S. EPA Administrator on the science used to establish the NAAQS. In 1987 the U.S. EPA changed from the TSP indicator to a more healthrelevant PM1o indicator (9) . Two standards were set: a) an annual standard of 50 pig/m3 expected arithmetic mean, averaged over 3 years, and b) a 24-hr average standard of 150 pg/m3, vwith no more than one expected exceedance per year.
In response to a court-ordered schedule, in 1995 and 1996 the U.S. EPA completed an updated criteria document and related staff paper on PM (5,6). As required by the CAA, the U.S. EPA's CASAC reviewed both documents (10, 11) .
An overview of the issues involved in revising the PM standards has recently been published (12 Based on the available PM data, the U.S. EPA staff paper recommended the establishment of PM2,5 standards to complement the PM1o standards (6) . Specifically, the recommendation was for a 24-hr average PM2. Table 1 (11, 13) ].
The diversity of opinions expressed by CASAC members reflects the high degree of uncertainty in our current knowledge of PM effects, and especially those that can be quantitatively linked to PM2.5. These uncertainties include a) the influence of confounding variables such as other pollutants, b) measurement errors, c) exposure misclassification, d) the lack of understanding of toxicologic mechanisms to explain the effects, e) the use of different models in various studies, and f) the shape of the exposure-response function for typical exposures currently experienced in the United States.
In late 1996 the U.S. EPA proposed revisions to the PM NAAQS (14) . It percentile of 24-hr PM2.5 concentrations at each monitor within an area. This U.S. EPA proposal generated much discussion. One point of controversy is apparent from consideration of the exposure-response functions shown schematically in Figure 2 . In the exposure range of interest, it is difficult to establish whether there is a threshold exposure level that must be exceeded before effects are observed. In addition, the lack of information on the mechanisms by which PM is causing effects at low levels of exposure 
Cancer Clasification Approaches
Carcinogen classification is the most frequently identified approach; IARC and U.S. EPA schemes are being developed nearly concurrently (13, 14) . For purposes of brevity, only the IARC scheme will be illustrated (Table 1) (a human carcinogen) based on mechanistic evidence (15 Understanding mechanisms at lower levels of exposure (dose) is especially important when the primary disease of concern, cancer in this case, has a quantal or dichotomous (i.e., presence or absence of cancer) exposure (dose)-response relationship over the range of exposures intended for extrapolations to lower levels of exposure. For example, our ultimate interest may be in extrapolating from an observed incidence of 1 in 10 to an incidence as low as 1 in 106. For reference purposes, a typical smoker has a probability of about 1 in 10 of dying of lung cancer, with 9 In in vitro studies, there is a special need to establish the relevance of the exposures (doses) to possible results in vivo. With in vivo studies, experimental limitations impose upper bounds on the quantity of particles that can be delivered to the cells of the respiratory tract. In working with in vitro systems or in in vivo studies with instillation or injection of mnaterials, these experimental limitations are removed, and it is possible to deliver to cells quantities of particles that are many times greater than could be found in the body under Iny plausible human exposure scenario. The researcher working with in vitro systems is urged to perform calculations that illustrate the relationship between the doses used in vitro to those likely to be found in vivo in laboratory animals and, ultimately, to make comparisons with plausible human exposure. When particles are delivered by nonphysiological modes such as intratracheal instillation to instantaneously achieve a large lung burden of PM, it is important to recognize that the effects may differ from a slowly accumulating burden of PM.
The last point to be made before concluding this discussion of past mechanistic approaches is the need to remember that our ultimate interest is in understanding and assessing human health risks from exposure to airborne PM. This requires that in vivo studies with laboratory animals and in vitro studies with tissues and cells from laboratory animals be related back to humans. One approach is to conduct in vitro studies with both human and laboratory animal tissues and cells, further clarifying the interpretation of findings from laboratory animal in vivo studies. Studies with human tissues, when practical, should indude a sufficient number of samples to get a sense of the range and variability of key parameters in human populations. An additional approach is to study multiple laboratory animal species to identify both similarities and differences among laboratory species. This approach provides an improved basis for evaluating the likely nature of the human response. Several papers presented at this meeting illustrated clear differences in the responses of different species to inhaled partides in the respiratory tract. A better understanding of the basis for both interspecies differences and similarities in exposure-response relationships will enhance our ability to estimate human risks of PM exposure. 
Use of Mechanistic
agents as "reasonably anticipated to be human carcinogens" based on mechanistic data in the absence of evidence of carcinogenicity from animal bioassays. These approaches to incorporating mechanistic data into the carcinogen classification process have the potential for classifying agents as carcinogens that are only high-dose laboratory animal carcinogens, only high-dose carcinogens in a single laboratory animal species, or agents that at high doses produce some preneoplastic mechanistic responses but have not been evaluated as to their carcinogenicity in whole-animal studies. Carbon black, a high-dose rat carcinogen, is illustrative of the second type of agent.
The next edition of the NTP Biennial Report on Carcinogens will include the first agents classified as "reasonably anticipated to be human carcinogens" based on mechanistic data in the absence of direct animal evidence of carcinogenicity. Most of the agents initially considered for listing are combustion products. Major controversy is likely to arise when the first commercial agent is listed as "reasonably anticipated to be a human carcinogen" in the absence of direct animal or human evidence. With regard to carbon black, long-term exposure of rats to high concentrations causes an excess of lung cancer in rats compared to controls (24, 25) . The studies of Driscoll (26), Driscoll et al. (27) , and Oberdorster (28) provide clear evidence of a mechanism of action for carbon black producing lung cancer despite the fact that carbon black does not interact directly with DNA to produce mutations. The mechanism involves chronic high-level exposure to carbon black to produce persistent inflammation, with associated high levels of cytokines and mediators, and an increased frequency of mutations.
An IARC panel considered the two positive rat bioassays to be sufficient evidence of animal carcinogenicity; despite the mechanistic information for a high-dose, rat-specific mechanism, IARC classified carbon black in Category 2A (a probable human carcinogen) (29 In considering the carcinogen classification issue for carbon black, I noted the value of augmenting an alphanumeric classification scheme with a narrative statement (30) . In Science and Judgment in Risk Assessment (17) , the Committee on Risk Assessment of Hazardous Air Pollutants recommended the use of a narrative statement describing the evidence for an agent's carcinogenicity in humans. The U.S. EPA followed this recommendation in the proposed revision of its carcinogen risk assessment guidelines (14) .
In 
